We have determined the subcellular localization of the chromosome partition protein Spo0J of Bacillus subtilis by immunof luorescence microscopy and visualizing f luorescence of a Spo0J-GFP fusion protein. Spo0J was associated with a region of the nucleoid proximal to the cell pole, both in growing cells dividing symmetrically and in sporulating cells dividing asymmetrically. Additional experiments indicated that Spo0J was bound to sites in the originproximal third of the chromosome. These results show that the replicating chromosomes are oriented in a specific manner during the division cycle, with the Spo0J binding region positioned toward the cell poles. Experiments characterizing cells at different stages of the cell cycle showed that chromosome orientation is established prior to the initiation of cell division. Our results indicate that there is a mechanism for orienting the chromosomes and that the chromosome partition protein Spo0J might be part of a bacterial mitotic-like apparatus.
Chromosome segregation is a fundamental process necessary for propagation of all organisms. Although not fully understood, many components of the segregation machinery have been identified and characterized in eukaryotes, including, centromeres, centromere-binding proteins, and the mitotic apparatus (1, 2) . In contrast, these components, or their analogues, have not been identified in bacteria.
The study of bacterial chromosome segregation has focused mostly on Escherichia coli and Bacillus subtilis (3) (4) (5) . Both organisms have a circular chromosome with a single origin of replication. Segregation is divided into two steps: physical separation of replicated chromosomes and partitioning of these chromosomes to daughter cells. Topoisomerases and site-specific recombinases are involved in the decatenation and separation of the replicated chromosomes. Several gene products have been identified that are involved in the partitioning of chromosomes to dividing cells (e.g., mukA, mukB), but the molecular mechanisms by which these proteins function are not yet known (3, 5) . While it is clear that the chromosomes are associated with the cell membrane, at least during part of the cell cycle, it is not known if or how this association is related to partitioning. In addition, it is not clear if the circular chromosome has a defined orientation in the cell (3) (4) (5) .
In B. subtilis, the spo0J gene product is needed for the initiation of sporulation and for proper chromosome partitioning during vegetative growth (6) and sporulation (7) . soj, the gene immediately upstream from and cotranscribed with spo0J, is a negative regulator of sporulation (6) but does not seem to be required for partitioning. Null mutations in soj bypass the need for spo0J in sporulation, but not partitioning (6, 7) . Soj and Spo0J are similar to a family of proteins involved in plasmid partitioning, including ParA͞ParB of prophage P1 and SopA͞SopB of F (3, 5, 8) . ParB (SopB) binds to a centromerelike site, parS, located near the plasmid origin of replication, and by a mechanism that is not clear, mediates partitioning. Null mutations in parB (or sopB) or deletion of the binding site (parS or sopC) lead to a rate of plasmid loss Ϸ100-fold greater than that of wild type (9) (10) (11) . The plasmid-encoded ParA proteins are also required for partitioning. ParA is an ATPase that binds DNA, regulates transcription, and interacts with ParB (3, 12, 13) . Soj is a DNA binding protein (D.C.-H.L. and A.D.G., unpublished results), and, by analogy to ParA and ParB, is probably an ATPase that interacts with Spo0J.
In B. subtilis, null mutations in spo0J cause a defect in chromosome partitioning during vegetative growth. Approximately 1.5% of cells in a growing culture of a spo0J mutant are anucleate, a frequency Ϸ100-fold higher than that observed in wild-type cells (6) . spo0J homologues have been found in several bacterial species, including Pseudomonas putida (8) , Coxiella burnetii, Mycobacterium leprae, and Caulobacter crescentus (J. Gober, personal communication), and it is likely that these homologues are also involved in chromosome partitioning.
Spo0J is also involved in chromosome partitioning during sporulation (7) . Sporulating cells divide asymmetrically to produce two cell types, the larger mother cell and the smaller forespore, each with an intact chromosome and a distinct pattern of gene expression. Immediately following asymmetric division, Ϸ30% of the chromosome, centered around the origin of replication, is positioned in the forespore (14) . The remainder of the chromosome is translocated into the forespore in a process that requires the spoIIIE gene product (14, 15) . In the absence of SpoIIIE, the oriC-proximal 30% of the chromosome is ''trapped'' in the forespore while the other 70% remains in the mother cell. Spo0J is involved in positioning the origin-proximal part of the chromosome in the forespore (7) .
We have determined the subcellular location of Spo0J using immunofluorescence microscopy with anti-Spo0J antibodies, and using a fusion of Spo0J to the Aequorea victoria green fluorescent protein (GFP) (16) . Spo0J was associated with the regions of the nucleoid located near the cell poles, both during symmetric division in growing cells, and asymmetric division in sporulating cells. Experiments with a spoIIIE mutant indicated that Spo0J colocalized with the 30% of the origin-proximal part of the chromosome that is trapped in the forespore. These results demonstrate that the chromosome is oriented in a specific manner such that the Spo0J binding region is placed toward a cell pole, and suggest that Spo0J is directly involved in chromosome partitioning. at the 3Ј end of spo0J, in place of the stop codon. An EcoRI to XhoI fragment containing spo0J was cloned into pET21 to generate pDL3, containing spo0J-(his) 6 . pDL50B contains the in-frame spo0J-gfp fusion in the vector pGEMcat. Briefly, spo0J-(his) 6 , with the XhoI site at the junction between spo0J and the (his) 6 tag, was cloned into pGEMcat (18) to give pDL8. gfp was PCR amplified from plasmid pJK19-1 [gift from J. Kahana (19) ] using PCR primers LIN13 (5Ј-GGAGATCTCGAGATGGCTAGCAAAGGAG-3Ј) and LIN14 (5Ј-GATCATGGCATGCACACCCGTCCT-GTG-3Ј). The PCR product was digested with XhoI and SphI (introduced in the primers, underlined above) and ligated into pDL8 that had been digested with XhoI and SphI to produce plasmid pDL50B.
Strains. Wild-type B. subtilis strains were JH642 (trp, phe) (20) and PY79 (prototroph) (21) . The spoIIIE mutant was RL1259 [spoIIIE36 amyE::(sspE(2G)-lacZ tet)]. The spoIIIE36 mutation (15) and sspE(2G)-lacZ fusion (22) have been described. The spo0J-gfp fusion was introduced into B. subtilis strain AG1468 (⌬spo0J::spc) (6) by single crossover at spo0J, selecting for chloramphenicol-resistance, to give strain DCL233. BL21 lambda DE3 (Novagen) was the E. coli strain used to overexpress Spo0J-(his) 6 .
Antibodies. Antibodies against Spo0J-(his) 6 were raised in rabbits (Babco, Richmond, CA) and antibodies against FtsZ were raised in chickens (Immuno-Dynamics, La Jolla, CA). Antibodies were affinity-purified essentially as described (23) . We estimate that there are Ϸ200-400 molecules of Spo0J per cell during growth in minimal medium, and Ϸ500-1,000 molecules per cell during sporulation, based on immuno-blot analysis and comparison to known amounts of purified Spo0J protein (D.C.-H.L. and A.D.G., unpublished results).
Immunof luorescence Microscopy. Cells were grown at 37ЊC in S7 50 minimal medium (24) with 0.1% glucose, 0.1% glutamate, and required amino acids (40 g͞ml), and samples were taken during exponential growth. Cells were induced to sporulate by the resuspension method (25, 26) . Samples were taken at 0, 90, and 180 min after the onset of sporulation (the time of resuspension).
Cells were prepared for immunofluorescence microsocopy essentially as described (27, 28) . Secondary antibodies coupled to fluorophores fluorescein isothiocyanate or Cy3 (Jackson ImmunoResearch) were used as indicated. Two different microscopes were used and the fluorescence of the Cy3 fluorophore appeared orange with one (see Fig. 1 B, F, and Q) and red with the other (Fig. 1 M and O) . A spo0J null mutant had no detectable immunostaining with the anti-Spo0J antibodies (data not shown).
Visualization of Spo0J-GFP. Cells containing the spo0J-gfp fusion (DCL233) were grown to confluence on an LuriaBertani agar plate, scraped from the plate, resuspended in minimal salts (29) , and adhered to a poly-L-lysine-coated slide. DNA was visualized by staining with 7-amino-actinomycin D (Molecular Probes). GFP was visualized essentially as described (30) .
RESULTS
Localization of Spo0J During Vegetative Growth. To identify the subcellular location of Spo0J, we performed immunofluorescence microscopy using antibodies against Spo0J. During vegetative growth in defined minimal medium (doubling time Ϸ45 min), Spo0J was associated with the nucleoid. Fig. 1 A-J shows the staining pattern from two different fields of cells (A-D and I representing one field and E-H and J the other). Nucleoids were visualized with 4Ј,6-diamidino-2-phenylindole (DAPI) and appear as bright blue bodies, often in chains, as B. subtilis tends to grow as septated filaments of cells ( Fig. 1 A and E). The majority of nucleoid bodies (Ն75%) had discrete immuno-staining of Spo0J, with at least one defined site of Spo0J staining per nucleoid ( Fig. 1 A, B , and I; E, F, and J). Many of the nucleoids had two defined sites of Spo0J staining, usually with each site on opposite ends of the nucleoid and toward the cell poles ( Fig. 1 A, 
B, and I; E, F, and J).
To determine the location of Spo0J at different times during the cell cycle and relative to the midcell, we compared the localization of Spo0J to that of the cell division protein FtsZ. FtsZ forms a ring structure at the midcell, with a nucleoid on each side, and marks the site of septation (31) (32) (33) (34) . In cells without an FtsZ ring, the nucleoid is usually in the middle of the cell. As the cell grows and the chromosome replicates, the nucleoid begins to separate into two discrete chromosomal bodies and the FtsZ ring forms at midcell. The FtsZ ring contracts and disappears during septation, then reforms prior to the next division (reviewed in refs. 35 and 36) .
Several different patterns of staining were observed when comparing the localization of Spo0J ( Fig. 1 B and F) , FtsZ ( A small proportion of cells (4%) had a single nucleoid with one site of Spo0J staining and no FtsZ ring (Fig. 2 A, class 1) . (There are no examples of these in Fig. 1 A- (P-S) Spo0J colocalizes with the origin-proximal 30% of the chromosome in the forespore of a spoIIIE mutant. Two sporangia of the spoIIIE mutant stained with DAPI (blue) to visualize DNA (P), and immunostained for Spo0J (orange) (Q), and ␤-galactosidase (green) (R). ␤-Galactosidase is produced from the sspE(2G)-lacZ fusion that is expressed only in the forespore. The fusion is in the origin-proximal part of the chromosome that gets trapped in the forespore in the spoIIIE mutant. (S) Overlay of the Spo0J and ␤-galactosidase staining. Arrows indicate the forespore. Note that in contrast to wild-type sporangia (N) that have highly condensed forespore nucleoids, the spoIIIE mutant forespore (P) has much less staining, reflecting the absence of a complete chromosome. on a single nucleoid (Fig. 2 A, class 2; Fig. 1 A-D and I) . In these cells, the sites of Spo0J localization were near the ends of the nucleoid, toward the cell poles. These are probably cells that have replicated the Spo0J binding region and have recently divided (no FtsZ ring). The two distinct sites of Spo0J localization at the ends of the nucleoid indicate that chromosome orientation has already been established and that the newly replicated regions have been separated. Furthermore, the Spo0J binding region is likely to be in the part of the chromosome that replicates early (the origin region).
[ ring (32, 34) ]. The cells that had FtsZ rings and discrete sites of Spo0J staining fell into two classes (Fig. 2 A, classes 3 and 4) , one class with a single site (class 3) and the other with two sites (class 4) of Spo0J staining per nucleoid. Fig. 1 D and H shows an overlay of the Spo0J (Fig. 1 B and F) and FtsZ (Fig. 1 C and G) staining and a sketch of several of the cells next to the image. Fig. 1 I and J shows an overlay of the DNA (A and E) and Spo0J (B and F) staining. Nucleoids with single sites and those with two sites of Spo0J staining are clearly visible and are illustrative of the way in which other cells were classified.
Of the 256 cells with an FtsZ ring (139 class 3 plus 117 class 4), 54% had a single site of Spo0J per nucleoid (Fig. 2 A, class  3 ) while 46% had two sites of Spo0J per nucleoid (Fig. 2 A, class  4) . In the cells with a single site of Spo0J staining per nucleoid, Spo0J often appeared oriented toward the cell pole, away from the FtsZ ring at midcell.
A significant fraction (46%) of the cells with an FtsZ ring had two sites of Spo0J staining per nucleoid (Fig. 2 A, class 4 ; Fig. 1 A-J) . Each nucleoid had a site of Spo0J localization toward the cell pole and a second site of Spo0J localization closer to the FtsZ ring at midcell. We infer that these chromosomes have already begun a new round of DNA replication and that the Spo0J binding region has been duplicated, indicating again that the Spo0J binding region is probably near the origin of replication. In addition, since the FtsZ ring is still present and Spo0J is localized in a bipolar manner on each nucleoid, before cell division, the defined orientation and polarity of the chromosome is established for cell division in the next generation, before the current division has been completed. The machinery that separates the replicating chromosomes and establishes this polarity must be assembled and functional in this predivisional cell. After division, the young cells do not have an FtsZ ring and most have two sites of Spo0J (Fig. 2 A, class 2 ) localized in the bipolar manner that was established before division.
Visualization of Spo0J-GFP. To visualize the subcellular localization of Spo0J in living cells, in the absence of fixation, we constructed a Spo0J-GFP fusion and determined the localization based on endogenous fluorescence of GFP. The spo0J-gfp fusion produced a functional gene product as judged by the ability to complement a spo0J null mutation (data not shown). Spo0J-GFP was associated with the nucleoid and most cells had Spo0J clearly localized toward the poles of the nucleoid (Fig. 1K) . These results are consistent with those from immunofluorescence and indicate that the bipolar localization of Spo0J was not caused by potential artifacts from fixation, permeablization, or any other immunostaining procedures.
Localization of Spo0J During Sporulation. Because Spo0J is involved in chromosome partitioning during asymmetric division in sporulating cells (7), we determined the subcellular location of Spo0J during the early stages of sporulation. Cells entering stage I of sporulation have an axial filament, a single nucleoid body (containing at least two chromosomes) that stretches the length of the predivisional cell. Fig. 1L shows the DAPI staining of several cells, three of which are at stage I of sporulation (I). Fig. 1M is the same field of cells, but with Spo0J staining shown, and a sketch of one of the sporangia below the image. During sporulation, Ͼ90% of the cells that had an axial filament had discrete staining of Spo0J. In 86% of these cells, Spo0J was associated with both poles of the axial filament (as seen in Fig. 1 L and M; Fig. 2B ), while in the remaining 14%, Spo0J was localized to one end of the axial filament (Fig. 2B) .
At the beginning of stage II of sporulation, a polar septum is formed creating two cells of unequal size; the larger mother cell and the smaller forespore. The stage II sporangia (mother cell plus forespore) are distinguishable by DAPI staining as the forespore nucleoid is highly condensed and brightly staining while the mother cell nucleoid is more diffuse (37, 38) . Fig. 1N shows the DAPI staining of several stage II sporangia, with arrows pointing to the condensed forespore nucleoid in two of these. Over 90% of the sporangia with a condensed forespore nucleoid (examples in Fig. 1 N and O) had discrete immunostaining of Spo0J. In 76% of these, Spo0J was still associated with the nucleoid in a bipolar manner (Fig. 1 N and O; Fig. 2C ). That is, both the mother cell and forespore nucleoids had Spo0J staining, and in the mother cell, this staining was toward the cell pole away from the forespore. In the much smaller forespore, it is difficult to determine if Spo0J staining is to a localized part of the highly condensed nucleoid. At later times during sporulation, the chromosomes have already segregated and fewer sporangia had discrete localization of Spo0J (data not shown).
Spo0J Binds to the Region of the Chromosome Around the Origin of Replication. When the polar septum forms at stage II to generate the two cell types, it bisects one end of the axial filament, trapping Ϸ30% of one chromosome in the smaller forespore and leaving Ϸ70% of the forespore chromosome in the larger mother cell. Mutations in spoIIIE prevent the translocation of the chromosome into the forespore, resulting in a forespore that contains only the origin-proximal 30% of the chromosome (14, 15) .
We found that Spo0J was localized to the 30% of the chromosome that gets trapped in the forespore in a spoIIIE mutant. Fig. 1 P-S shows two sporangia from the spoIIIE mutant. The arrows point to the two forespore cells, each with a bit of the nucleoid (Fig. 1P) . We visualized the forespore by immunostaining ␤-galactosidase (Fig. 1R, green) that was produced from a gene fusion [sspE(2G)-lacZ] that is in the origin-proximal 30% of the chromosome and that is expressed only in the forespore. In 53 sporangia examined that had ␤-galactosidase staining in the forespore, 48 sporangia had Spo0J staining ( Fig. 1 Q and S) that colocalized with ␤-galactosidase staining ( Fig. 1 R and S) . This indicates that Spo0J binds to a region of the origin-proximal 30% of the chromosome that is trapped in the forespore in the spoIIIE mutant, consistent with our results from growing cells that also indicated the Spo0J binding region is in the origin-proximal part of the chromosome.
DISCUSSION
We favor a model in which Spo0J is a direct participant in chromosome partitioning, during both symmetric division in vegetatively growing cells and asymmetric division in sporulating cells. Evidence supporting this model includes the bipolar localization of Spo0J on the nucleoids, the chromosome partition defect during growth (6) and sporulation (7) caused by spo0J null mutations, and the homology of Spo0J to partition proteins of the ParB family (8) . We propose that Spo0J assembles on a centromere-like site, probably in the origin region, and that this assembly interacts with as yet unidentified cellular machinery that drives the partitioning of the nucleoids to the daughter cells. While a specific binding site for Spo0J has not yet been identified, in vitro experiments indicate that Spo0J is a DNA binding protein with a high degree of cooperativity (D.C.-H.L. and A.D.G., unpublished results). We suspect that in vivo, Spo0J binding to specific sites helps to nucleate assembly of a large complex that contains many molecules of Spo0J.
The machinery that orients Spo0J in a bipolar manner on the nucleoid is established in the predivisional cell. Based on our results, it is clear that replicating chromosomes are in a defined orientation in the cell, with the Spo0J binding region of each chromosome oriented toward the cell poles during most of the cell cycle. Similar results have been obtained independently by Errington and coworkers (J. Errington, personal communication).
Webb et al. (39) used a different approach to visualize the orientation of the chromosome. The oriC region was visualized using a LacI-GFP fusion bound to an array of lac operators that had been integrated into the chromosome near oriC. Fluorescence from LacI-GFP was observed toward the cell poles (39) , in a manner similar to the localization of Spo0J (Fig.  1) . In contrast, in cells with the lac operator array near the terminus of replication, the fluorescence was observed closer to midcell (39) . The results with LacI-GFP indicate that both the origin and terminus of replication can be oriented in a specific manner, at least during part of the B. subtilis cell cycle.
We envision the following sequence of events during the bacterial cell cycle (Fig. 3) , keeping in mind that in rapidly growing cells (doubling time Յ 60 min.) there is more than one replication fork per chromosome to compensate for the fact that chromosomal replication takes longer than cell division.
(1) Immediately after cell division, there is a single, partly replicated nucleoid located at approximately midcell. Most of these cells have two sites of Spo0J localization, one at each end of the nucleoid, oriented toward a cell pole. (2) During cell growth and continued DNA replication, the nucleoid begins to separate into two distinct bodies that move in opposite directions toward the cell poles. During this time, the FtsZ ring forms at midcell and marks the site of the next division event (31, 35, 36) . As the nucleoids become separated, localization of Spo0J at the end of each nucleoid toward the cell poles and away from the FtsZ ring becomes even more pronounced. (3) Before cell division, another round of DNA replication initiates in most cells and proceeds far enough such that the Spo0J binding region is replicated. This appears in our experiments as a nucleoid with two distinct sites of Spo0J, one toward the cell pole and the other closer to the FtsZ ring at midcell. This observation indicates that the newly replicated origin-proximal regions (including the Spo0J binding regions) are separated before the cell divides. (4) Finally, cell division occurs, and the FtsZ ring contracts and disassembles (31, 33) . In a small percentage of the cells (Fig. 2 A, class 1) , division occurs before replication has reinitiated, or at least before a second Spo0J binding region is visible.
Spo0J is an important component contributing to the fidelity of chromosome partitioning. The frequency of anucleate cells caused by a spo0J null mutation is Ϸ100-fold higher than that of wild-type cells (6) . Spo0J (ParB) homologues have been found, based on chromosomal DNA sequence, in several other organisms, including P. putida (8) , C. burnetii, and M. leprae. The Spo0J homologue of C. crescentus is involved in chromosome partitioning (42) , and it seems likely that the ParB͞Spo0J proteins from other organisms will be found to have similar roles in partitioning. These organisms do not undergo sporulation, indicating that Spo0J first evolved to help ensure the proper transmission of chromosomes (or plasmids) to dividing cells.
We suspect that during the course of evolution, B. subtilis adapted part of the chromosome segregation machinery (Spo0J) to create a checkpoint that couples the initiation of sporulation to cell cycle events. While Spo0J plays a functional role in chromosome segregation during vegetative growth and sporulation, it also plays a regulatory role during the initiation of sporulation. Spo0J acts to inhibit the function of the regulatory protein encoded by soj. Soj is a negative regulator of sporulation, functioning to inhibit or antagonize the function of the transcription factor Spo0A (6). The Spo0A transcription factor activates many of the early sporulation genes and is required for formation of the axial filament and to activate the switch from symmetric to asymmetric division (34, 40, 41) . We suspect that at a particular step in the partitioning pathway, Spo0J acts to antagonize Soj, signaling that the chromosome segregation process is functioning normally.
The components of the bacterial chromosome segregation machinery have remained elusive. However, Spo0J of B. subtilis should now provide access to these components, including a centromere-like site, factors that assemble on this site, and the machinery that drives segregation of the chromosomes to dividing cells. It will be interesting to use Spo0J to identify these components and to determine how chromosomes are accurately segregated, how cell polarity is used to generate chromosomal orientation, how the various cell cycle processes are regulated and coordinated, and how they have been adapted to regulate developmental processes.
